The smart electricity meter (SEM) is one of the most critical elements of smart grids. The billing function of SEM is one of its most important functions to its operators and end-users. Because the SEM devices need to be highly reliable, in this study we conduct accelerated degradation tests (ADTs) for the prediction of SEM reliability with respect to the billing function. For designing the ADTs, we have identified five key modules and their components, two performance indicators, and three possible degradation stressors. Six ADTs are conducted under different configurations of the stressors. The test data are then used to fit degradation paths by linear regression models. Extrapolation to the failure threshold allows the prediction of the Time-to-Failure of SEM. Finally, the reliable lifetime of the SEM is predicted by an accelerated degradation function which is obtained by fitting a Weibull failure time distribution.
I. INTRODUCTION
A subject of interest today is the evolution of the networks for electrical energy supply and their conception/renovation as "smart" grids [1] with distributed generation, as opposed to the centralized power generation structure of the existing electric power grids. The concepts and configurations of smart grids vary sensibly with respect to the implementation at the different levels of the electrical infrastructure, i.e. the transmission and distribution systems (the level of the individual customer, and the related pricing issues, lie beyond the scope of the study presented in this paper). The smart grid is an auto-balancing, self-monitoring power grid that has the ability to sense when a part of its system is overloaded and reroute power to reduce 2 / 30 the overload and prevent a potential outage situation [2, 3, 4] . It is expected to improve the major weak points of the current electricity grid, by improving the communication and control functions [5] [6] [7] [8] . This requires an effective, reliable and real-time information flow [9, 10] to be implemented through an advanced metering infrastructure (AMI) in which smart electricity meters (SEMs) are the communication and metering terminals for the purposes of billing and controlling by the distribution company ( Figure 1 ) [11] . Figure 1 The structure of smart grid`s functions and its relationship with the SEM [11] The SEM is an advanced meter that measures the consumption in more details than a conventional meter and optionally, but generally, transmits the information back to the local distribution system for monitoring and billing purposes [12] . It also allows to interact with the meter itself for controlling its functionalities, such as Time-of-Use prices (TOU) [13] . Many countries (e.g. France, Germany, United Kingdom, United States, etc.) had/have plans of intensive investments for replacing conventional meters with SEMs [14] , and thus the reliability of SEM becomes a crucial issue for the service warranty and maintenance of the whole grid system [15, 16] .
The reliability of electronic devices like SEM can be in general evaluated by empirical methods such as 217 Plus [17] , Bellcore SR-332 [18] , and IEC 62380 [19] , which make use of component failure data to estimate system failure rates [20] . Because of their ease-to-use character in practical engineering situations, they are supported and implemented by many companies for evaluating the reliability of SEM [21] .
However, due to the complexity of the interactions among the SEM components and the lack of the related failure data, the results obtained by these methods may not be representative of the realistic conditions [22] .
Another method for SEM reliability estimation is based on the IEC 62059 standard, which makes use of the results of accelerated life testing (ALT) [23] . However, the major issue encountered by IEC 62059 ALT during its implementation is that the recommendation for at least 5 failures in 30 samples is difficult to achieve because the cost constraints and experiment conditions are such that often no failure occurs.
In addition, with the rapid technological advancements of SEM, the reliability of SEM has been significantly improved, which implies that ALT might not be very applicable in terms of financial cost and testing time.
In this paper, a new method is proposed for predicting the reliability of SEM based on the results of accelerated degradation testing (ADT) [24] . ADT is an effective testing technique for dealing with highly reliable devices. Different from traditional ALT, ADT requires the performance degradation indicators to be defined and the relationship between the degradation and the failure to be specified [25, 26] .
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Based on ADT, we propose a 5-step framework for the reliable lifetime prediction of SEM: (1) perform ADT with 64 (or 56) SEM samples tested under each of 6 different configurations of 3 testing stressors, normally temperature, humidity, and electricity at different levels; (2) fit linear regression models of the degradation paths using the data collected for the degradation indicators throughout the pre-defined testing time horizon; (3) predict the degradation to failure with respect to a performance threshold, and obtain the times to failure of the samples; (4) build an accelerated degradation function of the stressors by fitting a Time-to-Failure Weibull distribution whose scale parameter is substituted by the accelerated degradation function itself; (5) Evaluate the lower bound reliable lifetime of SEM using the Weibull distribution obtained in step 4. The rest of the paper is organized as follows: Section II introduces the functional modules of SEM, the physical degradation process of SEM and the relevant influential stressors; Section III describes the ADT experiment setting, procedures and results; Section IV establishes the degradation model; Section V fits the Time-to-Failure Weibull model and uses it for reliability prediction; Section VI concludes this work.
II. FUNCTIONALITY AND PHYSICAL DEGRADATION OF THE SEM

A. Functionality analysis of SEM
From the functionality point of view, SEM is divided into the following 8 modules: communication module, indicating module, power supplying module, controlling module, encrypting module, billing module, metering module and timing module. Table I lists these modules and their functions.
TABLE I SEM MODULES AND THEIR FUNCTIONS
The system diagram of SEM functionality, as performed by the modules listed in Table I , is shown in Figure 3 . Within the methodological work proposed in the paper, the reasons that we consider specifically the billing function to exemplify our reliability analysis procedure are: 1) it is the function most concerned by the operators and end-users, as it is directly related to the amount of payment; 2) it is indicated as one of the key functions defined by the reference standard [23] .
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During the billing function, the metering module acquires and measures the consumer's power consumption. Note that to have a clearly defined higher level structure of the SEM, in this study we regard all the components related to metering functionally as parts of the metering module. For example, a typical SEM contains a current sampling sub-module and a voltage sampling sub-module acquiring current and voltage data, respectively. The data collected by them are, then, sent to the metering microchip for signal filtering and A/D. All of the above mentioned components belong to metering module. The controlling module receives the measurements and transfers them to the billing module. The billing module computes the fee dependent on the referenced time received from the timing module and the power consumption 
B. Physical degradation
According to the practical requirements, SEM's performance is expected to be evaluated with respect to a number of performance indicators, which reflect different aspects of the operation and functional conditions of SEM. As mentioned in Section 2.A our interest is on the billing function of SEM, so we retain only the performance indicators relevant to such function. However, there appears to be no physical indicator to measure the correctness of the billing function directly. Among all measurable quantities, the power consumption and the timing are the most critical to the billing function. Therefore we have selected the indicators of basic errors (BE) and chronometer errors (CE) to measure these two quantities, and define them in accordance to the parameters of State Grid Corporation of China [27] .
BE measures the deviation of the power consumption from a reference value and is defined as follows: (1) where is the reference power consumptions indicating the initial value of a single SEM before the test, and the is the testing power consumptions indicating the value of one observation during the test.
CE measures the deviation of the testing frequency from a reference value:
where is the reference clock frequency related to the chronometer of a SEM, and is one testing clock frequency value during the test.
The performance indicators are usually linked to specific failure modes, classified into different levels of criticality. For example, the IEC 62059 standard classifies the billing related failure modes into three criticality levels depending on the extent to which they affect the billing function: critical failure, major failure, minor failure (Table II) . In our case we are concerned with the most critical failure class in Table II, with limiting thresholds of acceptable performance equal to and [22] , respectively. 
C. Failure modes analysis: identification of failure modes and stressors
In order to identify the possible degradation stressors, we decompose the relevant SEM modules into various components. Table III summarizes the decomposition and the possible stressors that can influence the performance of each component [18] . The identified stressors are the environmental stresses experienced by SEM under practical conditions. [13] The ways that the stressors affect BE and CE are presented as follows:
1) Temperature effects: The billing function, whose accuracy is measured by its BE, is carried out mainly by the metering and billing modules. The former processes the loading measurements by the diverter, and then transfers the measured signal to the metering chip. Due to the metallic material of the diverter, its resistance value is unstable when operating at high temperature, which in general results in decreased metering accuracy [28] . In addition, the stability of the reference value of the voltage of the metering chip is dependent on the proper operation of the power supplying module, whose components are not stable at a high temperature [29] . The chronometer error is used to measure the performance of the timing chip and the oscillator and both can be deterred by high temperature. The stability of the oscillator acts as the main factor affecting the stability of the timing function.
2) Humidity effects: Moisture enters the integrated chip (IC) via the gap of its package, possibly leading to failure [30] . Furthermore, moisture with high temperature can cause aging and oxidation of all components, which gradually deteriorate the performance of every module related to billing and time functions.
3) Electricity effects: The sampling circuit of SEM deals with large currents (above 10A), and thus generates significant amounts of heat inside the SEM. The high internal temperature can possibly lead to degradation/failure of the components, as discussed in item 1) above.
III. ACCELERATED DEGRADATION TEST
A. Experiment setting and procedure
1) Experiment setting
The experiment setting includes determining the number of testing samples, designing testing profiles, and deploying the testing system. The testing samples are from the two major SEM suppliers (Wasion and Sanxing) in the Chinese market. Their specifications are listed in Table IV . Because the specifications of the two types are identical, only one set is shown. 
Number of testing samples
Consider n identical and independent SEMs, each one with same reliability R under the testing conditions. Let random variable X denotes the number of failed SEM samples at the end of the testing. Then, the producer accepted failure risk is defined as [31] :
By the binomial distribution, is computed as:
To determine n for the test, we consider , (for the requisite of highly reliable SEM), and the producer's confidence level (represent the lower bond, the acceptable and the ideal confidence levels, respectively). Consecutively assuming the producer is overconfident about the products, n can be obtained by the following inequality:
The solutions to n for each combination of the three parameters are listed in Table IV . Table V ) are reduced to 56, which leads to a confidence level .
Testing Profile
The normal operational temperature and electricity current for SEM range from -40 o C to 60 o C and 0A to 10A, respectively [27] . Under extreme testing conditions of high operational stresses, it is found that the failure threshold of temperature and electricity current for SEM are 120 o C and 60A, respectively. On the contrary the highest working humidity (relative humidity (RH)) of SEM is not met during the testing, due to the capacity constraint of the testing chamber: the highest reachable temperature and humidity of the testing chamber are 80 o C and 95%, respectively, but they cannot be achieved simultaneously, due to the capacity constraint of the testing chamber.
The lowest temperature, humidity and current levels are set to 55 o C, 80%, and 20A, respectively. This is because: 1) the maximum nominal operating temperature of SEM is 60 o C and ADT requires that the lowest testing temperature be close to the highest normal operating temperature in order to accelerate the aging of SEM; 2) it is found that BE and CE of SEM increase only when the RH is above 80%; 3) the changes of BE and CE are significant when the current level is above 20A. The three stressors have been divided into 2, and 3 levels, respectively.
Due to the cost constrains, the allowable number of ADT runs is 6. The six design points of our experiment are shown in Table V . Figure 4 shows that there are totally 18 possible design points considering all levels of the stressors. The star means unreached test design points due to the capability of the testing chamber; the polygon represents the adopted test design points; the dots are the rejected test design points, considering the actual degradation effectiveness of the stressors under these conditions. Due to the cost constraints, the censoring horizon is set to be 400 hours (online time). The online (i.e. accelerated) intervals are mainly 24 hours ( Figure 6 ), and the offline (i.e. normal condition) testing interval is about 4 hours. In order to find the optimal size of the online interval, we have tried different intervals 9 / 30 ranging from 8 hours to 24 hours under the designs S4 and S6 which are the first two experiments performed, leading to 22 observations (including an initial testing). We have found 24-hour long online interval to be an optimal option, whose degradation effects and number of offline tests can meet the requirements of the experiment (Figure 7 ). The CE degradation paths of one sample (No. 5000101) under different stress designs show a common increasing trend (Figure 8 ). It is noted that due to a failure of testing equipment, the censoring time of S1 is 328 hours instead of 400 hours. In order to build a realistic degradation model of SEM, we simulate the real operating condition [32] of SEM by considering all its 18 loading conditions (shown in Table VI below) during the offline testing. Figure 9 presents the degradation paths of the BE of the sample No. 5000101, which has the most significant degradation among all samples at design S2. It is shown that most of the 18 degradation paths exhibit the same trend. Figure 10 presents the degradation paths of BE of sample No. 5000101 at loading condition #2 under different stress designs. 
IV. DEGRADATION MODEL FITTING
Because BE and CE exhibit a monotonous trend in time and no failures are observed during the experiment horizon, we use the following linear regression model to extrapolate the degradation path beyond the horizon, up to failure 10 / 30 (6) where y is the testing results (BE and CE) measured at time t, is the pre-testing result, is the slope, and is the noise following a normal distribution with mean equals to zero and variance σ 2 .
Due to the assumption that the degradation paths are linear, we smooth the data by moving average #:
where is the smoothed data point, i is the time index of the data point being smoothed, represents the total number of observations at every stress condition, and (an odd number) is the span size of the smoothing. K is the parameter to be optimized for best smoothing. Two evaluation criteria, root mean square error (RMSE) and R-square, are used to measure the two aspects of the smoothing effect over each span of size K: deviation to the original data points and flatness, respectively. The former criterion is defined directly on the data as:
Instead, is computed by fitting a linear regression model on the smoothed data points by:
where is the mean value of the observations. As these two criteria are in general conflicting with each other, the weighted sum of them (after scaling into the same range [0, 1]) is used to guide the search for optimal K:
where and are the scaled values. We assign equal weights 0.5 to each criterion, because accuracy and the flatness are equally important for our purposes. Figure 10 plots against different K 11 / 30 values by using the data from sample No. 5000101 at design level S2. It is noted that 17 is the total number of data points collected during the testing at level S2, as it is the total number of testing cycles at level S2. Table VII . [27] , the failure threshold of CE is (11) and the threshold of BEs is (12) Given the thresholds and the regression coefficients in Table VII , the predicted time when degradation path i exceeds its corresponding threshold can be obtained by solving the regression equation in (6) . We take as the predicted lifetime of the whole SEM under a specific design level. Figure 13 shows the distribution of the predicted lifetimes of the SEMs cumulated under all the design levels. 
B. Acceleration Model and Parameter Esitmation
Based on [35] , for more than two stressors the accelerated lifetime model of SEM has a general log-linear form:
where are the parameters to be estimated and is the vector of different stressors. In our case, where T is the absolute temperature, RH (%) is relative humidity, and I is the current.
1) Three-parameter model
The acceleration model considering all the stressors is defined in the following form [36] : (14) where A, B, C, D are the parameters to be estimated. In (14) the three stressors are assumed to be independent from each other. The temperature and humidity follow a variation of the Eyring model of electronic devices [37] , while the electricity follows the inverse power law model [36] .
We considered four intensively used distributions of failure data modeling as our alternative choices namely Weilbull distribution, exponential distribution, normal distribution and log-normal distribution. The P-P plot (probability-probability plot) method was introduced to determine the best fitted one. The P-P plot is so constructed that if the theoretical distribution is adequate for the data, the graph of a function of t (y axis) versus a function of the sample cumulative distribution function (x axis) will be close to a straight line [35] . Compared with other distribution, the results illuminate that Weilbull distribution is relatively reasonable for our data (Figure 14 ).
So we estimate the parameters of Weibull distribution as follows,
where . To estimate the parameters and m, we conduct the maximum likelihood estimation (MLE).
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The MLE function is: (16) where t ij is the time to failure of the jth (j=1, 2, … M) sample under the S i (i=1, 2, … 6) stress level. By setting , we can obtain the MLE . The results are shown in Table VIII . 
2) Two-parameter model
Based on the results of Table VIII , the parameter of current is negligible comparing to the coefficients of the other stressors. To confirm this observation, we conduct a Wilcoxon signed rank test [39] to compare the lifetime data of two paired groups: S1 vs. S2 and S5 vs. S6, because the temperature and humidity levels are the same within these two groups. Table IX summarizes the results and shows that there is no significant difference regarding the paired lifetimes within each group.
The reasons of the fact that the electricity has little impact onto SEM degradation are presented as follows: the power supply to the SEM and the electricity measured by the SEM are different. The electricity level is raised to amplify the condition which SEM measures, while the power supply is stable during the testing. Because the electricity acquiring circuit is isolated from the main operational SEM circuit, the electricity can only cause minor effects onto the rest of the SEM by generating small amounts of heat.
However, the ambient temperature inside the testing chamber is controlled by the constant blow of heated air. The local heat generated by the electricity acquiring circuit is quickly removed away and therefore has little impact onto the degradation of the SEM. (17) The parameter estimates of the two-parameter acceleration model are calculated by the same procedure as the 3-parameters model and the results are shown in Table X . 
C. Reliable Lifetime Evaluation
As shown in Section IV.B, the lifetime of SEM follows a Weibull distribution with parameters and m, and can be obtained from (16) ; so, the reliability function of SEM can be written as,
Taking the natural log twice on both sides of (17),
where is the reliable lifetime (the lifetime of a device given a predefined reliability level) [40] . For the Weibull distribution, the lower bound of the reliability lifetime can be obtained by [40, 41] : (20) where the index indicates the confidence levels and is the variance of [36] :
Substituting the estimated parameters m, , and into (19) given the normal conditions (I=10A, T=20℃ or 25℃, RH=45%) of SEM operation, the lower bound of the reliable lifetime at different confidence levels and reliability values is calculated (Table XI) . 
VI. CONCLUSIONS
Reliability of SEM plays an important role for an effective answer to the question of future electric grids.
In order to estimate it, ALTs, based on IEC62059 or other standards, are often conducted. However in a situation of evaluation of more reliable products, ADT can be a more capable, flexible and practical option, such as SEM, which only need to trace the deterring indicators of products during the test.
The major difficult to apply ADT to SEMs is how to determine the performance indicators and the testing profile that monitored in tests. In this work, an example of performance indicators, which are BE and CE, is
given by taking into account the major function, configuration and key components of SEM. Also, the failure mechanism both in inner component and functional output are considered. Based on that, the testing profile including numbers of samples, testing environment stress, testing profile and testing platform are then devised.
With respect to predict the reliability, in terms of reliable life, based on the degradation information, pseudo life method was introduced. The key to pseudo life method is how to capture the best fitting function of degradation path. In this respect, a linear regression with moving average is presented. To determine the optimal number of moving average span and RMSE, a discriminant is developed and used, as the result of which 17 is the best span number. Compared with several alternative distributions, Weilbull distribution can provide a better fitting solution of pseudo life.
Because we have applied temperature, humidity and current as three accelerated testing stress to test, we firstly assume that it should be a three-parameters degradation function, but the result indicates current should not be involved, which means it is a two-parameters degradation function. The reliable life of the SEMs is obtained by MLE of the Weibull distribution considering its parameters as ADT function.
The scope of future work is how to conduct a demonstration test based on the predicting results of ADT.
A work of sample determining method has already been presented on account of this paper`s contribution [42] . 
Span Size
Weighted vaule (W) Figure 11 . The weighted value of SEM as span size increases (17 is the maximum span size in S2) 
